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Abstract Recent work has suggested that rare codons are some- 
times used for the regulation of specialized gene expression in 
bacteria. Moreover, the cellular levels of certain tRNAs may 
fluctuate with growth conditions. Evidence implicating such 
mechanisms in the control of photosynthesis in Rhodobacter, 
solventogenesis in Clostridium, sporulation in Streptomyces, and 
fimbrial phase variation in E. coli is summarized. It is suggested 
that such mechanisms will prove applicable to the control of 
numerous additional specialized functions, and that the empirical 
tools for testing this possibility are currently available. 
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1. Introduction 
In 1989, Brinkman et al. noted that eukaryotic proteins uch 
as the human tissue type plasminogen activator, prourokinase, 
and the gp41 protein of HIV, which have a high content of rare 
codons in their respective genes, are poorly expressed in E. coli 
[1]. Moreover, induction of the expression of any one of these 
heterologous, plasmid-encoded genes was found to inhibit cell 
division and cause plasmid instability. Most remarkably, when 
the bacteria were simultaneously provided with a plasmid bear- 
ing the dna Ygene, encoding a rare tRNA (tRNA~,~A/AGG), pro- 
duction of the eukaryotic proteins was increased while plasmid 
stability and cell viability improved [1]. 
While these observations were of considerable practical sig- 
nificance to the bioengineer, they foreshadowed observations 
and experiments hat would suggest that the use of rare codons 
for specialized or differentiation-specific functions in bacteria 
might provide a general mechanism to ensure proper temporal 
and spatial expression of the encoding genes. Although this 
hypothesis i still far from established, work in several labora- 
tories has provided indirect evidence suggesting that rare codon 
usage is of functional significance in restricting or specifying 
appropriate gene expression. In this minireview I summarize 
the evidence concerned with this issue and reiterate the sugges- 
tion that the complement of tRNAs found in a particular bac- 
terium under one set of growth conditions may differ from that 
found under another set of growth conditions. 
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2. Codon usage and gene expression 
All living organisms possess characteristic GC contents and 
preferred sets of codons used for protein biosynthesis. GC 
content is a major determinant of codon usage, and codon 
adaptation i dices (CAI values) have proven to provide a reli- 
able, empirically determined estimate of gene expression level 
for specific groups of organisms [24]. tRNA availability during 
the evolution of an organism may play a significant role in 
determining its characteristic preferred codon usage. However, 
genes obtained by horizontal transmission from a phylogeneti- 
cally divergent organism with GC content and codon usage 
different from those of the recipient bacterium approach the 
values characteristic of their newly acquired host only after 
hundreds of millions of years [5]. This fact suggests, first, that 
differences in codon usage must have arisen relatively early 
during prokaryotic evolution, and, second, that the pressure for 
a newly acquired gene to assume the codon usage of the host 
organism is minimal. The fact that certain genes exhibiting a
relatively high level of specific rare codons can nevertheless be 
expressed at high levels when cloned behind a strong promoter 
(see, for example, [6]) has led some investigators to suggest that 
the use of rare codons does not in fact serve a regulatory 
function [4]. It should be pointed out in this regard that the 
inability to demonstrate a regulatory effect with one set of genes 
expressed under a given set of experimental conditions does not 
rule out the possibility of an analogous regulatory function for 
another set of genes expressed preferentially under a different 
set of conditions. Below I summarize vidence suggesting that 
various pecialized functions, expressed in a variety of bacteria, 
may be regulated at the translational level by selective use of 
rare codons in relevant structural genes (see Table 1). 
3. Rare codon usage in phototrophic vs. heterotrophic genes in 
Rhodobacter 
In 1991, Wu and Saier noted that genes encoding proteins 
of the photosynthetic apparatuses (reaction center and light 
harvesting proteins) of the Gram-negative purple bacteria, 
Rhodobacter capsulatus and R. spheroides, differed in codon 
usage from that of genes encoding enzymes of the fructose 
utilization pathway [7]. While most codons occurred with sim- 
ilar frequencies in these two groups of genes, a few were found 
to predominate, or be present exclusively in one or the other 
group (see Table 2 for representative examples). Moreover, 
other genes, such as those involved in nitrogen utilization or 
carotenoid biosynthesis, that were expressed under both 
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Table 1 
Selective use of rare codons postulated tocontrol specialized functions 
in bacteria 
Function Organism Codon Amino 
Acid 
Photosynthesis Rhodobacter capsulatus GCU Ala 
CUC Leu 
Fructose utilization Rhodobaeter capsulatus AAU Asn 
UGU Cys 
Solventogenesis Clostridium ACG Thr 
acetobutylicum 
Arial mycelium Streptomyces oelicolor UUA Leu 
development 
Fimbrial production Escherichia coli UUG Leu 
heterotrophic and phototrophic onditions, exhibited rare 
codon usage frequencies that were intermediate b tween those 
found in the photosynthetic and fructose-catabolic genes 
(Table 2). These differences were shown to be statistically sig- 
nificant. It was suggested that different tRNA pools were pres- 
ent under phototrophic vs. heterotrophic growth conditions, 
and that growth conditions might influence the relative rates 
of transcription of the tRNA genes and their cognate amino 
acyl tRNA synthetases. Differences in codon usage might gen- 
erally allow operation of novel post-transcriptional regulatory 
mechanisms. It seemed reasonable to suppose that charged 
tRNA availability and codon usage could provide a safeguard 
against expression of specialized genes under inappropriate 
conditions [7]. 
4. Rare codon usage as a potential regulator of solventogenesis 
in Clostridium 
Sauer and Diirre noted in 1992 that a mutational defect 
preceding the gene thrA encoding a rare tRNA, tRNA~ in 
the low GC Gram-positive bacterium, Clostridium acetobutyli- 
cum, gave rise to the absence of solventogenesis [8]. This strict 
anaerobe is a spore-forming bacterium that produces acetone 
and butanol only during a late stage in the growth cycle. The 
shift to solventogenesis i  accompanied by a series of morpho- 
logical and physiological changes in motility, shape, and gran- 
ulose content, culminating in endospore formation. Sauer and 
Diirre noted that the ACG codon is rarely used and is largely 
restricted to genes either expressed at the end of exponential 
growth or involved in the inducible uptake or metabolism of 
minor carbon and nitrogen sources [8]. Because these investiga- 
tors did not conduct statistical analyses, it was not possible to 
state that the observed ifferences in codon usage reflected a 
unique characteristic of specific groups of genes encoding spe- 
cialized functions rather than depressed levels of expressivity 
[4]. Nevertheless, the potential implications of the observations 
were clear. As in the case of phototrophic vs. heterotrophic 
gene expression in Rhodobacter, codon usage in Clostridium 
may provide a safeguard to insure proper expression of certain 
stationary phase vs. log phase genes. 
5. Codon usage as a determinant of the differentiated state in 
Streptomyces 
Species of the high GC Gram-positive genus Streptomyces 
undergo fungal-like differentiation with the sequential forma- 
tion of vegetative and aerial mycelia [9,10]. The fact that only 
the latter structures contain spores reflects the spatial and tem- 
poral constraints imposed upon the process of terminal differ- 
entiation within this genus. The industrial importance of these 
organisms i related to their capacity to produce an array of 
antibiotics and useful secondary metabolites during the post- 
exponential growth phase. Although these strict aerobes have 
many of the enzymatic attributes of their low GC Gram-posi- 
tive cousins, their regulatory mechanisms appear to be remark- 
ably different [11-13]. 
Leskiw et al. [14] and Fern~ndez-Moreno et al. [15] first 
observed that, in Streptomyces coelicolor, a genetic defect in the 
gene bldA, encoding a rare tRNA, ~eu tRNAvu A [16,17], blocked 
aerial mycelium formation and prevented efficient phenotypic 
expression of several genes containing the rare UUA codon. 
bldA mutations (including deletions) did not interfere with veg- 
etative growth but did prevent aerial mycelium formation and 
antibiotic production (see [18] for a review). It was suggested 
that this rare codon occurred preferentially in genes concerned 
with differentiation and antibiotic production as contrasted 
with those required for vegetative growth. 
More recently, evidence was presented suggesting that ma- 
leu ture tRNAuu A accumulates in ever increasing amounts as 
S. coelicolor cultures age, and that the temporally regulated 
accumulation of this mature tRNA species correlates with an 
increase in efficiency of UUA-containing messenger RNA tran- 
scription and/or translation ([19]; but see also [20]). It seemed 
to exert regulatory effects on events occurring during late 
growth, including morphological differentiation a d antibiotic 
production. 
6. Rare codon usage and the control of fimbrial production in 
E. coli 
A recently noted example of potential rare codon control of 
Table 2 
Examples of differential codon usage in photosynthetic versus heterotrophic genes in Rhodobacter 
Codon Amino acid Fractional codon usage for each amino acid 
fru pho nif Total 
Elevated codon usage in pho genes GCU Ala 
CUC Leu 
Elevated codon usage in fru genes AAU Asn 
UGU Cys 
0.02 0.11 0.03 0.05 
0.11 0.35 0.16 0.19 
0.44 0.05 0.18 0.18 
0.25 0.00 0.13 0.12 
Data were taken from [7]. Numerical values provide the fractional codon usage for each of the four amino acids (Ala, Asn, Cys, and Leu) in the 
four catagories indicated with abbreviations a  follows:fru, fructose utilization (heterotrophic) genes, total of 1724 codons analyzed for R. capsulatus; 
pho, photosynthetic genes, total of 1976 codons analyzed for R. eapsulatus; nif, nitrogen utilization genes (mostly concerned with nitrogen fixation), 
total of 3824 codons analyzed for R. eapsulatus; Total, all available sequenced genes for Rhodobacter species at the time of analysis [7]. 
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specialized gene expression concerns the production of type 1 
fimbriae in the Gram-negative enteric bacterium, Escherichia 
coli strain F18, which is able to colonize the mouse colon [21]. 
Burghoff et al. [22] isolated a 6.5 kb E. coli sequence that 
enhanced the colonizing ability of strain F18 and simultane- 
ously stimulated synthesis of type 1 fimbriae. The gene respon- 
sible for this stimulation proved to be the leuX gene, encoding 
a tRNA specific for the rare leucine codon UUG. This gene is 
in single copy at 97 min on the E. coli chromosome, and the 
encoded tRNA species (LeuX) is apparently dispensable for 
growth [23]. No effect on growth rate was observed when leuX 
was mutated [24]. Another tRNA ~eu, LeuZ, specific for the 
UUA leucine codon, presumably recognizes UUG by 'wobble', 
and can thereby substitute adequately for LeuX, at least with 
respect o the expression of genes encoding functions required 
for vegetative growth. 
The mechanism by which leuX gene expression influences 
type 1 fimbrial production is probably complex. ThetimA gene, 
encoding the principal type 1 fimbrilin, lacks UUG codons 
altogether [25]. However, synthesis of type 1 fimbriae is subject 
to phase variation due to inversion of a 314 bp DNA segment 
that includes thefimA promoter ([26]; but see also [27]). The 
ratio of the products of two tim genes, timB and tmE, deter- 
mine the frequencies of inversion in the two opposing directions 
with high levels of FimB favoring the 'off' to 'on' transition. 
SincetimB has six UUG codons whiletimE has only two [28], 
it has been proposed that LeuX influences type 1 fimbrial pro- 
duction by controllingtimB expression more stringently than 
that of timE [29]. In this regard it is interesting to note that leuX 
expression is apparently regulated by two proteins (of 22 and 
26 kDa) encoded by genes adjacent to leuX. Deletion analyses 
have suggested that the 22 kDa protein is a transcriptional 
activator while the 26 kDa protein is a repressor ofleuXexpres- 
sion. These proteins may therefore be indirect regulators of 
type 1 fimbrial phase variation, and consequently of net tim- 
brial production. 
Various E. coli strains are collectively capable of producing 
at least six distinct virulence-related fimbriae, each exhibiting 
specificity for and mediating adhesion to a specific mammalian 
cell surface macromolecule [30,31]. Expression of these tim- 
briae is often subject o phase variation in agreement with the 
belief that successful colonization of the host depends on the 
timely expression and subsequent silencing of specific viru- 
lence-related genes, depending on the stage of infection. A 
recent analysis has revealed that the leuX gene of uropathogenic 
E. coli strain 536 encompasses one of several sites responsible 
for genetic instability [32]. Internal to leuX is one of two 18- 
nucleotide direct repeats that serve as functional sites for exci- 
sion of a 190 kb DNA segment. This segment encodes, among 
other functions, P-related fimbriae. Excision of this DNA seg- 
ment silences expression of leuX (possibly controlling type 1 
fimbrial synthesis, as noted above) as well as expression of the 
genetic apparatus encoding P-related fimbriae. As bacterial 
cells lacking 'excess DNA baggage' and incapable of making 
fimbriae divide with increased growth rates, it may be that 
timely excision provides the bacterium that has already estab- 
lished itself in the host organism with pathogenic advantage 
[32]. Based on the proposed regulatory role of rare tRNAs in 
controlling fimbrial production, we suggest hat it was not 
accidental that tRNA loci have come to serve as sites of viru- 
lence-associated DNA insertion/deletion phenomena. 
7. Conclusions and perspectives 
How important are the postulated regulatory mechanisms 
giving rise to codon-controlled phenotypic gene expression? 
Are they generally operative for the control of starvation-in- 
duced or stress-related vs. vegetative gene expression i  E. coli 
and other bacteria [33]? Do they function to safeguard proper 
temporal expression of sporulation (spo)-specific genes at any 
one stage or during several different stages in the well-defined 
programs of differentiation of various Bacillus species [34]? Do 
they play a role in the control of growth phase-specific or 
condition-selective g ne expression, e.g. expression of genes 
concerned with bioluminescence in Vibrio species [35,36], 
bacteriorhodopsin-mediated photosynthesis in archaebacteria 
[37], or induction of virulence-specific genes in bacterial patho- 
gens of plants, animals and other bacteria [3841]? 
The first step towards answering these important questions 
would seem to be to analyze functionally related groups of 
bacterial genes for statistically significant differences in codon 
usage, as reported by Wu and Saier [7] for the photosynthetic 
vs. heterotrophic genes of Rhodobacter. A second step would 
be to measure variations in the cellular concentrations of spe- 
cific rare tRNA species made under relevant but differing phys- 
iological conditions. The third step would be to establish a 
causal relationship between rare codon occurance, tRNA level 
and gene expressivity. Such studies may lead to recognition of 
novel codon usage-mediated mechanisms for ensuring the 
proper expression of temporally and spatially regulated genes 
in prokaryotic microorganisms. The relevance of such mecha- 
nisms to eukaryotic organisms, including protozoa, fungi, 
plants and animals, could then be ascertained by the applica- 
tion of straight-forward comparative approaches. 
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